Introduction
============

It has been known since the 1930s that photoresponsive neurons that are intrinsically sensitive to light exist in the central ganglia of some invertebrates besides the photoreceptor cells (photoreceptors) in classical bilateral eyes. For instance, there are photoresponsive neurons in the sixth abdominal ganglion of the crayfish (Kennedy, [@B40]) and the visceral (abdominal) or pleuro-parietal ganglia of the sea slugs *Aplysia* (Arvanitaki and Chalazonitis, [@B1]; Brown and Brown, [@B9]) and *Onchidium verruculatum* (Hisano et al., [@B37]; Gotow, [@B21]).

We refer to these neurons as simple photoreceptors, in view of their lack of any specialized structures, such as microvilli and/or cilia, that are characteristic of classical eye photoreceptors (see review, Gotow and Nishi, [@B24]). In addition, it is known that these simple photoreceptors are not only first-order photosensory cells, but are also second-order neurons (interneurons), relaying several kinds of sensory inputs (Kennedy, [@B40]; Frazier et al., [@B14]; Gotow, [@B20]).

Recently, similar simple photoreceptors, the intrinsically photosensitive retinal ganglion cells (ipRGC), were discovered in mammalian retinas (Berson et al., [@B5]; Hattar et al., [@B31]), and their relevance will be discussed later.

A considerable amount of information has been obtained about the phototransduction mechanisms underlying the first-order photosensory responses of invertebrates, especially that of the simple photoreceptors of *Onchidium* (for review, Gotow and Nishi, [@B24]). However, little has yet been established about how their simple photoreceptor functions as second-order neurons (interneurons) *in vivo*.

This review examines the non-image-forming visual functions of simple photoreceptors acting as second-order neurons. In addition, we survey the profiles of the cell membrane channels that mediate related receptor potentials and the phototransduction mechanisms of the simple photoreceptors studied to date.

Characteristics of Simple Photoreceptors (Photoresponsive Neurons)
==================================================================

Several simple photoreceptors (photoresponsive neurons) have been identified on the dorsal aspect of the central ganglia of *Onchidium verruculatum*, a species closely related to *Aplysia* (Hisano et al., [@B37]; Gotow, [@B21]; Nishi and Gotow, [@B52]). Of these simple photoreceptors, which were designated Ep-2, Ep-3, Es-1, A-P-1, Ip-1, and Ip-2, A-P-1 and Es-1 respond to light with a depolarizing receptor potential, which is associated with a decrease in membrane K^+^ conductance (Gotow, [@B21]; Nishi and Gotow, [@B51]); whereas, Ip-1 and Ip-2 are hyperpolarized by light, owing to an increase in membrane K^+^ conductance (Nishi and Gotow, [@B52]). These intrinsic photoresponses persist even when synaptic transmission is blocked either chemically or by ligation of the axo-somatic junction. Ep-2 and Ep-3 are depolarized by light, but their depolarizing mechanism is still unknown. However, we have evidence that Ep-2 and Ep-3 are also depolarized by a similar mechanism to that of A-P-1 and Es-1. Both of these depolarizing and hyperpolarizing photoresponses take 20 to 30 s to reach their peak after a latency of 300 to 500 ms following a brief light stimulus and then decline gradually. This contrasts with the fast and adaptive photoresponses of a few milliseconds to a few seconds in classical eye photoreceptors, e.g. the proximal and distal cells of*Pecten* (McReynolds and Gorman, [@B46]) and the stalk eyes of *Onchidium* (Katagiri et al., [@B38]). When eliciting electrophysiological responses, the action spectrum peaked at about 490 nm in A-P-1 (Gotow, [@B21]) and at about 580 nm in Es-1 (Nishi and Gotow, [@B51]), while those in Ip-1 and Ip-2 both peaked at about 510 nm, suggesting that each of their photoresponses is mediated by a single photopigment. Unfortunately, this photopigment has not yet been found in the *Onchidium* simple photoreceptors, although the presence of a rhodopsin-like protein was suggested in the *Aplysia* photoresponsive neuron R2 (Robles et al., [@B66]). On the other hand, the *Onchidium* photoresponsive neurons as well as the above mentioned *Aplysia* neurons are indistinguishable from the other light insensitive neurons in the ganglion by visual inspection. Electron microscopic observation showed that these photoresponsive neurons lack morphologically specialized structures, such as microvilli or cilia, that are characteristic of classical eye photoreceptors (Frazier et al., [@B14]; Kubozono, [@B42]). Thus, we consider that these photoresponsive neurons should be termed "simple photoreceptors". In addition, the simple photoreceptors in the *Onchidium* and *Aplysia* ganglia are not only first-order photosensory cells, but are also second-order neurons (interneurons), relaying several kinds of sensory inputs (Frazier et al., [@B14]; Gotow, [@B20]; Nishi et al., [@B53]), similar to those in the crayfish ganglion.

Recently, similar simple photoreceptors without microvilli or cilia, the ipRGC, were discovered in mammalian rat and mouse retinas (Berson et al., [@B5]; Hattar et al., [@B31]). Their studies suggested that their visual pigment may be melanopsin, an invertebrate-like photopigment, which was first identified in frog skin by Provencio et al. ([@B62]). The latest studies have provided compelling evidence that melanopsin is the photopigment of the ipRGC (Melyan et al., [@B48]; Panda et al., [@B55]; Qiu et al., [@B63]). According to Berson ([@B3]) and Do et al. ([@B11]), the ipRGC show a delayed, slow, and lasting depolarizing photoresponse (in the order of a few seconds to tens of seconds) following a suitably brief light stimulation, which is different from the fast and adaptive hyperpolarizing response (in the order of a few milliseconds to tens of milliseconds) seen in cones and rods. In addition to being primary photosensory cells, the ipRGC are also second-order interneurons, relaying photic inputs from rods/cones to the brain. These characteristics of a lack of morphologically specialized structures, morphological arrangement as second-order neurons, and slow photoresponse kinetics in the ipRGC parallel those of the invertebrate *Onchidium* simple photoreceptors mentioned above. This reminds us that the mammalian ipRGC seem to be homologous to the invertebrate *Onchidium* simple photoreceptors.

Phototransduction Mechanism
===========================

The primary function of simple photoreceptors and eye photoreceptors is to convert light energy into an electrical response, namely the receptor potential that is generated by light-dependent conductance or channels. Little work has been done on the ionic conductance mechanism in the excitatory, depolarizing photoresponses of the simple photoreceptors in crayfish (Kennedy, [@B40]) and *Aplysia* (Arvanitaki and Chalazonitis, [@B1]) ganglia.

A single-channel analysis showed that the depolarizing photoresponses of A-P-1 and Es-1 cells are produced by the closing of one class of K^+^ -selective channel (Gotow, [@B21]; Gotow et al., [@B25]; Gotow and Nishi, [@B22]). Later, it was reported that the *Helix* simple photoreceptors also respond to light with membrane depolarization, due to a decrease in K^+^ conductance (Pasic and Kartelija, [@B58]). On the other hand, we demonstrated that the hyperpolarizing receptor potential of Ip-2 and Ip-1 cells results from the opening of the same K^+^ -selective channel that induces hyperpolarizing receptor potentials in A-P-1 and Es-1 cells (Nishi and Gotow, [@B52]; Gotow and Nishi, [@B22]).

It is thought that the hyperpolarizing photoresponses of most vertebrate eye photoreceptors (rods and cones) are produced by the closing of non-selective cation channels or by a decrease in membrane cation conductance (Tomita, [@B70]; Owen, [@B54]; Matthews and Watanabe, [@B44]). Only one known exception has been found, the lizard parietal eye photoreceptors, which responds to light with depolarization resulting from the opening of non-selective cation channels similar to those of the above mentioned vertebrate eye photoreceptors (Solessio and Engbretson, [@B68]). Except for this parietal photoreceptor, the above mentioned mechanism contrasts with that in the eye photoreceptors studied to date in invertebrates, which are present in most members of the animal kingdom; i.e., a depolarizing or a hyperpolarizing photoresponse is produced by the opening of membrane cation channels or by an increase in membrane cation conductance (Fuortes, [@B15]; Washizu, [@B71]; Brown et al., [@B10]; Pinto and Brown, [@B61]; Bacigalupo and Lisman, [@B2]; Nagy and Stieve, [@B49]; Nasi and Gomez, [@B50]; Gomez and Nasi, [@B16]). Thus, the simple photoreceptors of *Onchidium*, A-P-1 and Es-1, are the first invertebrate eye or simple photoreceptor in which it has been demonstrated that their photoresponses result from the "closing of channels" or "decreases in conductance".

The cGMP-gated channels in the vertebrate photoreceptors that close in light are non-selective cation channels permeable to Na^+^, K^+^, and Ca^2+^ (for review, Finn et al., [@B13]). However, the cGMP-gated channels in the simple photoreceptors of *Onchidium* that close and open in the light are predominantly K^+^ selective under physiological ionic conditions such as of K^+^, Na^+^, Ca^2+^, Mg^2+^ and Cl^--^; i.e., the contributions of these ions except for K^+^ to these channels is negligible (Gotow, [@B21]; Gotow et al., [@B25]; Nishi and Gotow, [@B52]; Gotow and Nishi, [@B22]). Interestingly, we have found that the K^+^ -selective channels of the simple photoreceptors of *Onchidium* can be specifically blocked by the external addition of 0.1--0.2 mM 4-aminopyridine (4-AP) or 0.2--0.4 mM L-cis-diltiazem (L-DIL) (Gotow et al., [@B26]; Nishi and Gotow, [@B52]). L-DIL, a stereoisomer of the D-type Ca^2+^ channel blocker, specifically blocks the non-selective cation channels in vertebrate rod and cone cells (Stern et al., [@B69]; Rispoli and Menini, [@B65]; Haynes, [@B33]; McLatchie and Matthews, [@B45]) and light -dependent K^+^ conductance in *Pecten* hyperpolarizing eye (ciliary) cells (Gomez and Nasi, [@B18]). 4-AP is another well-known blocker of K^+^ channels, e.g., the I~A~ or K~A~ channels, which are transiently activated in the subthreshold range of membrane potentials (Hagiwara et al., [@B29]; Hermann and Gorman, [@B35]; Hille, [@B36]).

As described above, the simple photoreceptors A-P-1 and Es-1, which are depolarized by light, seem to be homologous to the vertebrate eye photoreceptors in the sense that both of their cGMP-gated channels are closed by light, although the polarity of their receptor potentials is reversed. This homology prompted us to examine whether the phototransduction cGMP cascade model used for vertebrate rod and cone photoreceptors (Fesenko et al., [@B12], for review, Finn et al., [@B13]; Kaupp and Seifert, [@B39]) can be applied to that of A-P-1 or Es-1. According to the cGMP cascade model, cGMP acts as a second messenger that opens cGMP-gated non-selective cation channels, allowing the channels to close when light activates PDE (phosphodiesterase) in order to reduce internal cGMP levels through a Gt-type G-protein (transducin), thereby leading to a hyperpolarizing response (Table [1](#T1){ref-type="table"}). As in the above mentioned vertebrate cGMP cascade, we also concluded that cGMP acts as a second messenger that opens the cGMP-gated K^+^-selective channels of the simple photoreceptors A-P-1 and Es-1, allowing the channels to close when light activates PDE (phosphodiesterase) in order to reduce cGMP levels through a Gt-type G-protein (Gt), thereby leading to depolarization (Gotow et al., [@B25]; Gotow and Nishi, [@B22]), as shown in Table [1](#T1){ref-type="table"}.

###### 

Phototransduction cGMP cascade models of simple photoreceptors.
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*\*The Rod/Cone (Eye photoreceptors) phototransduction cascade is shown for comparison: Derived from the review by Finn et al. ([@B13]), Kaupp and Seifert ([@B39]). A-P-1/Es-1: Depolarizing A-P-1 and Es-1 cells. Ip-1/Ip-2: Hyperpolarizing Ip-1 and Ip-2 cells. Rh: Visual pigments, PDE: Phosphodiesterase, GC: Guanylate cyclase*.

On the other hand, we found that the hyperpolarizing photoresponses of other types of simple photoreceptor, Ip-2 and Ip-1 cells, are produced by the opening of the same type of channel that is closed in A-P-1 and Es-1 cells (Gotow and Nishi, [@B22]). Thus, Gotow and Nishi ([@B23]) have proposed a new type of cGMP cascade model in which Ip-2 and Ip-1 cells are hyperpolarized when light activates GC (guanylate cyclase) through a Go-type G-protein (Go), leading to an increase in the level of the second messenger cGMP, thereby producing the opening of the same channels opened in A-P-1 and Es-1 cells (see also Table [1](#T1){ref-type="table"}). A similar phototransduction model has also been suggested to operate in a different system, the scallop ciliary eye photoreceptor (Kojima et al., [@B41]; Gomez and Nasi, [@B17], [@B19]). Unfortunately, no molecular identification of the visual pigment or G-protein involved in phototransduction has yet been undertaken in the simple photoreceptors of*Onchidium*.

In the related *Aplysia* simple photoreceptor R2, it has long been known that when illuminated, R2 hyperpolarizes due to an increase in membrane K^+^ conductance and that this light-dependent K^+^ conductance is activated by a rise in the intracellular levels of Ca^2+^; i.e., the light-dependent K^+^ conductance is equivalent to this Ca^2+^-activated K^+^ conductance (Meech, [@B47]; Brown and Brown, [@B9]; Brown et al., [@B8]). However, no single-channel analysis of the hyperpolarizing photoresponse in R2 has been undertaken.

Furthermore, a considerable amount of information has been obtained about the photochemistry of melanopsin in ipRGC (for review, He et al., [@B34]; Peirson and Foster, [@B60]). For example, it has been suggested that melanopsin activates phospholipase C through the Gq G-protein, as in *Drosophila* rhabdomeric photoreceptors (Raghu et al., [@B64]; for review, Hardie, [@B30]). However, the cell membrane channels and their channel-gating mechanism that mediate the photoreceptor potential of ipRGC have not yet been identified, so the phototransduction mechanism that couples melanopsin to its photoreceptor potential remains unknown (for review, Berson, [@B4]).

Photosensitivity of Simple Photoreceptors *In Vivo*
===================================================

The simple photoreceptors in the central ganglia, which are well covered by the animal\'s body wall, seem to be unsuitable as a classical photosensory system, but these simple photoreceptors may have adapted to serve as a new photosensory modality; i.e., non-image-forming vision.

The amount of light energy transmitted through the *Onchidium* body wall, which is composed of the mantle and foot, was measured and compared with the energy required for a minimally detectable photoresponse in their simple photoreceptors. The spectral energy of incident sunlight was also measured in the centre of Kagoshima, which corresponds to that at Sakurajima beach, the home of the *Onchidium* tested.

These analyses supported the assertion that the transmittance of daylight through the animal\'s body wall is high enough to stimulate the simple photoreceptors of the *Onchidium in vivo* (Gotow et al., [@B27]). Brown et al. ([@B8]) have also reported that the amount of light energy required to stimulate the simple photoreceptors of the *Aplysia in vivo* can be provided by the transmittance through the animal\'s body wall.

Non-image-forming visual function:

1.  Depolarizing Ep-2, Ep-3, and Es-1 cells

2.  Hyperpolarizing Ip-1 and Ip-2 cells

Little has been definitively established about the functional significance of simple photoreceptors. In spite of a concerted effort to elucidate the functions of the 6th abdominal ganglion simple photoreceptors of crayfish, many questions remain (for review, Wilkens, [@B72]). It has only been postulated that the simple photoreceptors of crayfish operate in the general regulation of synaptic transmission (Kennedy, [@B40]; Wilkens and Larimer, [@B73]; Pei et al., [@B59]). The function of the simple photoreceptors of *Aplysia* (Arvanitaki and Chalazonitis, [@B1]; Brown and Brown, [@B9]) is also unknown. However, it has been reported that *Aplysia* demonstrate light-entrained behavior in the absence of bilateral eyes and that simple photoreceptors such as R2 may be involved in such behavior (Block and Lickey, [@B7]; Block et al., [@B6]).

*Onchidium* are intertidal and amphibian mollusks. Thus, they use gill-trees at high tide, but at low tide they begin to use their lung (pulmonary sac) for respiration and crawl over the rocks on the exposed seashore in order to obtain food or to reproduce. Occasionally, *Onchidium* slip and turn over, while rock- crawling. In such cases, these animals pick themselves up through a chain of behavioral responses, such as the mantle-levating reflex (Gotow et al., [@B28]). This mantle-levating reflex is also reproducibly triggered by tactile stimulation of the animal\'s dorsal surface, the mantle.

On the other hand, Gotow ([@B20]) and Gotow et al. ([@B28]) have shown that the first-order depolarizing simple photoreceptors Ep-2, Ep-3, and Es-1 are not only second-order neurons relaying tactile sensory inputs from the mantle through the specified peripheral nerves, but are also motoneurons innervating the mantle and foot (mesopodium) so the combined spike activity evoked by tactile synaptic transmission in these three cell types results in a levation movement of the mantle equivalent to the mantle-levating reflex (Figure [1](#F1){ref-type="fig"}A). They have also shown that all excitatory synaptic transmissions and potentials induced by tactile sensory inputs in these cells are potentiated during light illumination, even when the preceding light stimulus is subthreshold. Thus, it has been suggested that the depolarizing photoresponses of Ep-2, Ep-3, and Es-1 cells play a role in the potentiation of the excitatory synaptic transmission and potentials related tactile sensory inputs and the subsequent mantle-levating reflex (Gotow et al., [@B28]) and so may be involved in a new photosensory modality, non-image-forming vision.

![**Chart showing a new photosensory function of *Onchidium* simple photoreceptors, (A) depolarizing and (B) hyperpolarizing cells**. See text for details.](fncel-03-018-g001){#F1}

At low tide, the amphibian mollusks *Onchidium* open their pneumostome, the orifice of their pulmonary sac, in order to begin aero-respiration, although they close the pneumostome at high tide. The opening of the pneumostome; i.e., an aero- breathing behavior, can also be reproducibly triggered by removal of the surrounding seawater from the animal\'s body surface such as the mantle, pneumostome, etc. or by moving the animal from underwater to air.

On the other hand, Nishi et al. ([@B53]) and Gotow and Nishi ([@B24]) have found that the first-order hyperpolarizing simple photoreceptors Ip-1 and Ip-2 are not only second-order neurons that receive inhibitory presynaptic inputs, such as water pressure and/or tactile signals arising from the animal\'s body surface, but are also interneurons (motor-like neurons) involved in aero-breathing behavior. Thus, they suggested that at low tide these cells are released from inhibitory sensory synaptic inputs such as water pressure and/or touch and begin to produce endogenous spike discharges, thereby leading to opening of the pneumostome (Figure [1](#F1){ref-type="fig"}B).

An attempt to examine the effects of light on the hyperpolarizing Ip-1 and Ip-2 cells showed that inhibitory synaptic transmissions and potentials related to pressure and/or tactile sensory inputs in these cells are potentiated during light illumination, even if the preceding light stimulus is subthreshold. This result suggested that the hyperpolarizing photoresponse of Ip-1 and Ip-2 cells operates in the potentiation of inhibitory synaptic transmission as well as in the suppression of subsequent aero-breathing behavior (Nishi et al., [@B53]; Gotow and Nishi, [@B24]) and so may also be involved in the above mentioned new photosensory modality.

The above mentioned potentiation of excitatory and inhibitory synaptic transmission by simple photoreceptors occurred even when their photoresponses were subthreshold, demonstrating true "potentiation" rather than only "summation"; i.e., the sum of synaptic potentials and photoreceptor potentials. Furthermore, we refer to this potentiation as "long-lasting potentiation". As the photoresponses of simple photoreceptors can last for hours and even days, they are effective during most daylight hours.

On the other hand, it has been reported that ipRGC operate in non-visual functions such as the pupillary light reflex and circadian photoentrainment (Panda et al., [@B57], [@B56]; Ruby et al., [@B67]; Hattar et al., [@B32]; Lucas et al., [@B43]). However, nothing is known about their light-sensing functions as interneurons. Most recently, Do et al. ([@B11]) reported that the ipRGC in transgenic mice modulated rod/cone response and synaptic signal transmission from amacrine and bipolar cells, etc. to the brain.

Conclusion
==========

Simple photoreceptors similar to those of *Onchidium* have been known to exist in the central ganglion of crayfish, *Aplysia*, and *Helix* since the 1930s. Recently, similar simple photoreceptors, ipRGC, have been discovered in the ganglion cells of mammalian retinas. It was suggested that the simple photoreceptors of *Onchidium* as well as ipRGC function as a new sensory modality, non-image-forming vision, which is different from the image-forming vision of classical eye photoreceptors. As non-image-forming functions of ipRGC, it is known that they contribute to pupillary light reflex and circadian clocks. However, their light-sensing function as interneurons has not been ascertained. An *Onchidium* study showed that simple photoreceptors (Ep-2, Ep-3, A-P-1, Es-1, Ip-1, and Ip-2) play roles in the long-lasting potentiation of synaptic transmission of excitatory and inhibitory sensory inputs as well as in the potentiation and suppression of the subsequent behavioral responses. Figure [1](#F1){ref-type="fig"} shows a chart that explains these non-image-forming functions of simple photoreceptors. Interestingly, it seems that both simple photoreceptors and classical eye photoreceptors use the same phototransduction and channel-gating mechanisms (see Table[1](#T1){ref-type="table"}), in spite of the great difference in the functions of these two types of photoreceptors.
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